Maize (Zea mays L.) is important in semiarid West Africa where the increase in demand exceeds the increase in production. Yield is often constrained by inadequate nutrient availability even though the occurrence of soil water deficits may overall be more constraining. Research was conducted in semiarid Mali and Niger to determine the yield and profit responses of maize sole crop (MzSC) to N, P, and K and to develop a procedure for determining maize-groundnut (Arachis hypogaea L.) intercrop (MzGnI) nutrient response functions from MzSC functions. Trials were conducted in 2014 and 2015 at five locations spanning 14 degrees of longitude and two degrees of latitude. Mean MzSC grain yield increase due to 50 kg ha -1 N was 0.69 Mg ha -1 in Mali and 0.42 Mg ha -1 in Niger, and due to 10 kg ha -1 P was 0.14 Mg ha -1 in Niger with inconsistent P effects in Mali. Responses to K were negligible. Productivity and profit potential with N application was more with MzGnI compared with MzSC, but profit potential for applied P and K were not improved with MzGnI. Considering the fodder value of stover added to production value but did not have much effect on profits from fertilizer use. The procedure for determining MzGnI nutrient response functions by adapting MzSC functions was developed, providing a means to improve fertilizer use efficiency for MzGnI. Productivity and returns to applied N, on a maize grain value equivalent, are greater with MzGnI compared to MzSC.
M
aize is an important staple food crop in West Africa where growth in demand exceeds production increase. Mali was estimated to produce about 1500,000 Mg yr -1 of maize in 2013 and recent growth in production has been 58,000 Mg yr -1 (CROPSTAT, 2017) . Mean rainfed maize yield is <2 Mg ha -1 in Mali and the yield gap for rainfed maize has been estimated at 7.8 Mg ha -1 , assuming all abiotic and biotic constraints except for soil water deficits were removed (GYGA, 2017) . Maize production in Niger is very low due to the little area with suitable soil and climate but the maize area has increased from 12,400 ha in 2010 to 32,200 ha in 2015 32,200 ha in (FAOSTAT, 2015 . While soil water deficits often constrain maize yield in Mali and Niger, more effective management of nutrient supply is important (Heisey and Mwangi, 1996) , including fertilizer use and other good agronomic practices (Nalivata et al., 2017) . The risks of investing in inputs due to output price instability and frequent crop failures can discourage fertilizer use (Vlek, 1990; Byerlee et al., 1994) and financially constrained farmers are especially vulnerable to risk and have little capacity for fertilizer use (Masson, 1972; Binswanger and Sillers, 1983) . For many African smallholders, fertilizer expenditures can represent a considerable proportion of the total cash expense for crop production. Good agricultural practices must be affordable, highly profitable, and applicable to ensure acceptability by poor smallholders (Harris, 2002) .
Maize sole crop response to nutrient rates has been studied in the Guinea Savanna and other areas of West Africa with subhumid and humid growing seasons (Uyovbisere and Lombin, 1990; Carsky et al., 1999; Wopereis et al., 2006; Onasanya et al., 2009; Fosu-Mensah et al., 2012) . The only such research publication for determination of maize-nutrient response functions in Mali or Niger appears to be of Pandey (2001) whose results indicate a mean increase in grain yield of 0.65 Mg ha -1 with 50 kg ha -1 N applied.
Maize Sole Crop and Intercrop Response to Fertilizer in Mali and Niger
Nouri Maman, Lamine Traore, Maman Garba, Mohamed Dicko, Abdou Gonda, and Charles Wortmann* Cereal-legume intercropping is widely practiced in West Africa to reduce risk and increase production from land and labor Maman et al., 2017a Maman et al., , 2017b . Maize production is often in intercrop association with cowpea [Vigna unguiculata (L.) Walp] or groundnut. Optimizing fertilizer use with intercropping requires determination of nutrient response functions for the intercrop. Nutrient response data is relatively abundant for cereal sole crops but scarce for intercrops. Therefore, means have been developed for estimating response functions for some intercrops from cereal sole crop response functions (Maman et al., 2017a (Maman et al., , 2017b Ndungu-Magiroi et al., 2017; Senkoro et al., 2017) . Fertilizer use could be optimized for MzGnI if the response functions could be determined from MzSC response functions specific for the targeted recommendation domains.
Considering the scarcity of nutrient response information for maize production in the Sahel and Sudan Savanna, and the lack of response data for the MzGnI, research was conducted under the 13-nation Optimization of Fertilizer Recommendations in Africa (OFRA) project http://agronomy. unl.edu/OFRA to address these information deficiencies .
The objectives of this research were to: (i) determine the responses of MzSC and MzGnI to N, P, and K; (ii) develop a procedure for determining MzGnI nutrient response functions from MzSC functions; (iii) assess the importance of Mg, S, Zn, and B deficiencies; and (iv) determine the economically optimal nutrient rates and profit potential of fertilizer use for these crops.
MAteriALs And MetHOds trial sites description
Research was conducted in 2014 and 2015 in Mali and Niger. In Mali, the research sites were Bougouni in the Upper BaniNiger (rainfall >1200 mm), Kolombada on the Koutiala Plateau (rainfall 800-1000 mm), and Samanko on the Mandingue Plateau (annual rainfall 1000-1200 mm) ( Table 1) . The soil at Bougouni was a Plinthosol clay loam with an argillic horizon, developed in silt alluvial streams with poor drainage and pH of 5.4 (PIRT, 1986) . The Kolombada soil was a Chromic Lixisol sandy clay loam with an argillic horizon (PIRT, 1986) . The Samanko soil was a Ferric Lixisol clay loam or sandy clay loam with a pH of 5.6 and good drainage. The Mali sites were located in the Sudan Savannah where about 75% of annual rainfall occurs in June to September (Table 2) .
In Niger, the research was conducted at Tarna/Maradi and Bengou (Table 1 ). The dominant soils in these areas were classified as Arenosol (Jones et al., 2013) but the sites selected for the maize trials at Maradi were in the Goulbi River valley and likely Fluvisol clay loam. The Bengou sites were loam and sandy clay loam Alfisols. The sites had a monomodal rainfall distribution. Maradi is located in the semiarid Sahel with annual mean rainfall of 600 mm with 85% falling during July to September (Table 2) . Mean monthly maximum and minimum temperatures during the crop season were 33.6 and 22.4°C. Bengou was located in the northern Sudan Savanna with a mean annual rainfall of 800 mm with distribution similar to Maradi but with the growing season beginning in June. Mean monthly maximum and minimum temperatures during the crop season at Bengou were 33.0 and 22.5°C. Composite samples of soil from 12 points per block were collected from the 0-to 20-cm depth for each trial site before land preparation and fertilizer application. The samples were air dried, sieved at 2 mm, and sent to the World Agroforestry Center Soil-Plant Spectral Diagnostic Laboratory in Nairobi, Kenya (https://www.worldagroforestry.org/sd/landhealth/ soil-plant-spectral-diagnostics-laboratory/sops) (Shepherd and Walsh, 2007; Terhoeven-Urselmans et al., 2010; Towett et al., 2015) . The samples were analyzed for particle size distribution, pH, organic C, total N, Mehlich 3 P, and Mehlich 3 extractable bases, S, and micronutrients. Maize ear leaf samples were collected at silking, dried, milled, and sent to the laboratory for determination of nutrient concentrations. Soil organic C was less than 10 g kg -1 for all sites in Mali and Niger (Table 1) . Mehlich 3 P varied from 9.5 to 56.3 mg kg -1 . Exchangeable K ranged from 59 to 137 mg kg -1 .
experimental design and Management
The experimental design was a randomized complete block design in Niger with one maize variety. A randomized complete block design with split plots was used in Mali with fertilizer treatment as the main plot factor and with an open-pollinated and a hybrid maize variety as the subplot treatments. All trials had three replications. The treatment structure was an incomplete factorial (Table 3 ). There were five N levels with increments of 30 kg ha -1 in Mali and 20 kg ha -1 in Niger. Trials had five P levels in Mali and four P levels in Niger with increments of 10 kg ha -1 P. All trials had four K levels with increments of 10 kg ha -1 . The most limiting nutrient was considered to be P in Mali and P response was evaluated with 0 and 90 kg ha -1 N uniformly applied. Similarly, N was considered the most limiting for the Niger research sites and N response was evaluated with 0 and 20 kg ha -1 P uniformly applied. Therefore, the N × P rate interaction could be evaluated in each country. Response to K was evaluated with N and P uniformly applied. All trials had a diagnostic treatment with 15 S, 10 Mg, 2.5 Zn, and 0.5 B kg ha -1 combined with N, P, and K rates comparable to another treatment. In Niger, there were four additional treatments to evaluate the MzGnI response to N, P, and K.
The fertilizer sources of N, P, K, Mg, and S, B, and Zn were, respectively, urea, triple superphosphate (TSP), potassium chloride (KCl), kieserite (MgSO 4 -7H 2 O), borax (Na 2 B 4 O 7. 5H 2 O), and zinc sulfate (ZnSO 3. H 2 O). The fertilizers were point applied and incorporated 5 to 10 cm from the planting holes at 7 to 10 d after crop emergence. Urea was applied at half rate with the other nutrients and the remaining was applied before tasseling. Calcium carbonate was uniformly applied at 500 kg ha -1 for all sites in Mali.
The experimental sites were plowed and harrowed. Plots were 6 by 6 m with access alleys between blocks. The seed was treated with Apron Star 42W (Syngenta product containing Bengou  2014  2015  2014  2015  2014  2015  2014  2015  2014  2015  May  212  107  78  14  156  212  24  1  89  19  June  86  165  80  137  160  86  23  34  99  54  July  207  351  145  90  112  207  173  166  133  180  August  335  327  132  235  153  335  120  229  199  277  September  284  320  113  124  236  284  91  65  205  236  October  15  122  20  69  42  15  0  0  11  30  Total  1139  1392  567  668  898  1139  534  495  755  797   Table 3 . Experimental treatments for evaluation of maize response to applied nutrients in Mali and Niger, 2014 and 2015. spacing. Maize seedlings were thinned to two plants per point after the first weeding, giving about 50,000 plants ha -1 in Mali and 62,000 plant ha -1 for MzSC in Niger, but about 33,000 maize plants for MzGnI. Maize was planted in Mali on 9, 15, and 20 July 2014 at Samako, Kolombada and Bougouni, respectively, and on 4, 13, and 11 July 2015. Planting dates in Niger were 3 and 17 July in 2014 in Tarna and Bengou, and 27 June and 9 July 2015 in Maradi and Bengou, respectively. Manual hoe weeding was conducted at about 2, 4, and 6 wk after planting in Mali, and at about 3 and 6 wk after planting in Niger. Maize 
data Analysis
Harvest data was collected from 4-m length for each of the two central rows including plant and ear number and dry weights of ears, grain, and stover. Groundnut was uprooted from 8 m 2 , the pods and the plant residue separated, dried, and weighed to determine pod and fodder yields. The ANOVA was combined across site-year (SY) within countries with SY and replications as random variables. Nutrient rate treatments, variety and cropping systems were fixed variables. Data were analyzed using Statistix 10 Software (Analytical Software, Tallahassee, FL). Effects were considered significant at P < 0.05. Plant number was used as a co-variate in the ANOVA when independent of treatments and when significant. When the treatment × SY interaction was significant, the analysis was conducted by SY. The effects of N rate in Niger and P rate in Mali, and their interactions, were evaluated with ANOVA conducted for the subsets of the first 10 treatments (Table 2) . Orthogonal contrasts were used to test the effects of the diagnostic treatment and intercropping on maize yield, and effects of nutrient application on MzGnI yields.
Fitting of yield responses to the curvilinear to plateau asymptotic function was first attempted with Y = a -bc r where Y = yield, a = yield at the plateau, b = the maximum expected yield increase due to application of the nutrient, c is a curvature coefficient, and r is the nutrient application rate. When this fitting failed to converge, quadratic and linear functions were attempted. Response functions were determined using treatment means.
The nutrient rate sets were incomplete for MzGnI with just one applied nutrient rate and its comparable 0 kg ha -1 rate. Assumptions, based on an approximation of a typical response curve calculated from a dataset of ~5900 crop-nutrient response functions geo-referenced for their research sites in sub-Saharan Africa (http://agronomy.unl.edu/OFRA), were applied in determining response functions from limited data . The responses were assumed to be curvilinear to plateau with 57, 26, and 12% of the coefficient b value with the first, second, and third increment of application rate and with about 5% of b to be achieved with higher rates. If the measured yield increment was negative, coefficient a was the yield with zero nutrient applied and coefficient b was the mean yield decrease due to nutrient application.
Response functions were determined for intercropping. Groundnut yield was converted to a maize grain yield equivalent for ratios of groundnut pod to maize grain value (GnMz) of 2, 3, and 4 kg kg -1 with the ratios reflecting variation in relative on-farm values of maize and groundnut. Response functions were also determined in consideration of stover or fodder yield valued at 20% of the respective grain or pod value (kg kg -1 ) after harvest and transport to the homestead with the 20% deemed typical by the authors.
A basis for determining intercrop response functions from established MzSC functions was developed through analysis of data from the three trials in Niger for which groundnut intercrop yield data was collected. This was done for grain yield and for grain plus stover yield. Using the deviations of MzGnI response coefficients from MzSC coefficients, equations were developed using linear regression analysis for adjusting MzSC response coefficients to determine the MzGnI coefficients with GnMz as an independent variable.
The economically optimal rate of nutrient application or the rate expected to maximize net return to nutrient application (EOR) were determined for GnMz of 2 to 4 with varying fertilizer nutrient use costs relative to maize grain value expressed as kg kg -1 (CP). The CP of fertilizer P use ranged from 2 to 12. The CP of N or K use ranged from 1 to 6. Equations were developed using polynomial regression analysis for determining intercrop EOR with GnMz and CP as independent variables. Profit/cost ratios (PCR) were calculated as the net gain in value from a yield increase divided by the cost of fertilizer use to achieve that gain.
resULts

Maize sole crop yield
In Niger, MzSC yield in these marginal maize production environments averaged 0.90, 1.03, 1.41 and 2.70 Mg ha -1 , respectively, for Bengou and Maradi in 2014, and for Bengou and Maradi in 2015. Maize grain and stover yield was increased with N application with a curvilinear response for all SY where measured and the N rate × SY interaction was significant due to relatively great response at Maradi in 2015 compared with other SY (Table 4 ). The N × P rate interaction was not significant. The N rate and its interactions did not affect yield components.
The P rate × SY interaction was not significant in Niger and applied P had an overall linear effect on grain yield and a curvilinear to plateau effect on stover yield (Table 5 ). Ear plant -1 and days to silk were inconsistently affected by P rate. The effect of K rate was significant for grain yield at Bengou in 2014 only and, overall, K rate had a quadratic effect on grain and stover yield. Ear plant -1 was more with 20 and 30 compared with 0 kg ha -1 K applied. The Pearson correlation coefficients, determined from plot values, were significant for maize grain yield with plant m -2 (r 2 = 0.16), ear m -2 (r 2 = 0.47), grain weight ear -1 (r 2 = 0.68), and days to silk (r 2 = -0.13). The correlation of grain yield with ear plant -1 was not significant. The diagnostic treatment effect was not significant for all SY in Niger.
Mean maize grain yield by SY in Mali varied from 2.67 to 5.40 Mg ha -1 . The mean yields were 3.78 and 4.04 Mg ha -1 for maize cultivars Sotubaka and Tièba, respectively, but fertilizer treatment did not interact with variety. Grain yield was affected by the P × N × site × yr interaction (Table 6 ). The P rate effect was significant in 7 of 12 comparisons but the effect on grain yield was inconsistent and the responses to P could not be fitted to mathematical functions. Grain yield was on average 16% more with 30 compared with 0 kg ha -1 P. Grain yield was not affected by K rate and its interactions.
Grain yield was affected by interactions of N rate with site and with year ( Table 7) . The mean response at Bougouni was linear with an agronomic efficiency (AE) of N use equal to 18.1 kg kg -1 , but no function could be fitted for the N rate effects at Kolombada and Samanko. Over all sites, grain yield increased linearly with N rate in 2014 and with a curvilinear to plateau response in 2015.
Maize grain yield was increased with the diagnostic treatment at Bougouni by a mean of 1.19 Mg ha -1 across the 2 yr, but not at the other locations in Mali and Niger. The soil test results do not indicate a reason for the response at Bougouni and no response at the other sites (Table 1 ). The foliar nutrient concentrations for Mg, S, Zn, and B were 0.25% Mg, 0.17% S, 24 mg kg -1 Zn and 4.3 mg kg -1 B, none of which for Bougouni and other SY indicate deficiency.
Maize-groundnut intercrop response in niger
Maize grain yield was 43% less and stover yield was 38% less with MzGnI compared with MzSC (Tables 4, 5, 8). Groundnut pod yield exceeded maize grain yield for MzGnI (Fig. 1) . Groundnut pod yield and maize stover yield were increased with N application. Groundnut stover yield and maize grain yield were increased with P application. The effect of K was not significant but had slightly negative effects for all MzGnI yields. The MzGnI response coefficients can be calculated by adjusting the MzSC coefficients with the groundnut pod to maize grain value ratio (GnMz) as an independent variable ( Table 9) .
Consideration of the value of stover for fodder resulted in substantially increased maize grain and groundnut pod yield on a maize grain yield equivalent value basis (Table 10, Fig. 2) . The yield response to applied nutrient for grain/pod alone compared with grain/pod plus stover was generally near parallel with an exception of MzGnI maize response to N and groundnut response to P. 
economics and Agronomic
Efficiency of Applied Nutrients
In Mali, the overall AE of N use in 2014 was 6.7 kg kg -1 implying that the cost per kilogram of fertilizer N use needs to be less than the value of 6.7 kg of grain for N application to be profitable. The grain yield response was greater in 2015 compared with 2014 (Table 7) and EOR for 2015 was 86, 70, 59, 51, and 44 kg ha -1 N when CP was 4, 6, 8, 10, and 12. Therefore, the EOR for the 2015 results can be estimated as EOR = 103.2 -5.15 × CP. The mean AE for N in 2015 with 60 kg ha -1 N applied was 19.0 kg kg -1 . The profit:cost ratio (PCR) at CP = 8 was 1.38 for the 60 kg ha -1 N rate but 2.26 for the 30 kg ha -1 N rate.
The EOR in Niger for N was low with MzSC compared with MzGnI (Fig. 2) . The EOR was 16% more for N and 11% less for P with grain/pod yield only compared with grain/pod plus stover yield. The influence of CP of fertilizer N use on EOR was greater for MzGnI compared with MzSC. The highest EOR for N were with a groundnut pod to maize grain value of 2. Yield was not much affected by change in EOR. This can be illustrated for MzGnI response to N with GnMz = 2 for which the EOR with the lowest CP was 77 kg ha -1 N with 2.22 Mg ha -1 yield compared with the highest CP with an EOR of 40 kg ha -1 N and yield of 2.08 Mg ha -1 .
discUssiOn
The low maize yields in Niger were not atypical for the Sahel where pearl millet [Pennisetum americanum (L.) Leeke] and sorghum [Sorghum bicolor (L.) Moench] are more important cereal crops due to the frequent occurrence of soil water deficits (Maman et al., 2017a (Maman et al., , 2017b . There was little rainfall during the grain-fill period, especially in 2014 (Table 1) . Maize yield was much higher for the Mali SY where rainfall was more compared with Niger except at Kolombada where yield was relatively low. Giving value to stover yield added to productivity. * P = 0.05. ** P = 0.01. *** P = 0.001. † ns, not significant. ‡ Response functions were determined for P and K even when the effects were not significant for further analysis in relatively maize sole crop response to intercrop response. Fig. 1 . Nutrient response functions for maize sole crop (MzSC), maize intercrop (MzI), and groundnut intercrop (GNI) grain or pod yield (GY or PY) and GY plus stover or fodder yield (G+SY or P+FY) with yields expressed on a maize grain value equivalent and with stover or fodder valued at 0.2 of the grain or pod value (kg kg -1 ).
Crop residue retention in the field can result in a higher yield of the following crop (Mason et al., 2015) but the residue is important as fodder for ruminant livestock and fields are generally opened to uncontrolled grazing during the dry season, making residue retention in the field of low feasibility. The MzSC yield response to N was similar to that reported for Niger by Pandey (2001) and less than the responses in Mali. Yield response to P varied independently of Mehlich 3 P which varied from 9.5 to 56.3 mg kg -1 (Tables 1, 5, 6). Soil test K was very low and there were small quadratic grain and stover yield responses to applied K in Niger (Tables 1, 5 ). Yields were not affected by K application in Mali. Response to K may have been constrained because it was less limiting to crop growth than other biotic or abiotic constraints. The effects of K application were negative for intercropping in Niger (Table 8 , Fig. 1 ). The occurrence of negative response to K has been also reported for sub-Saharan Africa with sorghum (Maman et al., 2017b) and maize . A general lack of relationship of soil test nutrient availabilities with crop response to applied nutrients has been observed by others in sub-Saharan Africa, and not surprisingly considering that crops face numerous biotic and abiotic constraints. For example, Kaizzi et al. (2012 Kaizzi et al. ( a, 2012b did not find a soil test relationship with maize and sorghum response to N, P, and K in Uganda. In the United States, extracted soil S has not been very useful in predicting crop response to S, with a few exceptions, but soil organic matter content and soil texture are stronger indicators of response (Franzen, 2015) . Use of soil organic matter for prediction of response to S is likely to be less Table 9 . Equations for calculation of maize-groundnut intercrop response function coefficients for curvilinear responses in the Sahel and Sudan Savannas according to Y = a-bc r with r as the nutrient rate. The coefficients a, b, and c are calculated as below by adjusting the sole crop coefficients (e.g., MzSC_a). The groundnut pod to maize grain value ratio (GnMz) is an independent variable. Response to N Response to P Grain/pod yield only MzSC_c -0.068 Grain/pod plus stover MzSC_a -0.524 + 1.008 GnMz MzSC_a -1.254 + 1.182 GnMz MzSC_c -0.059 + 0.002 GnMz Table 10 . Coefficients of quadratic and linear functions for estimating economically optimal nutrient rates (kg ha -1 ), with the cost of nutrient use relative to maize value (kg kg -1 ) as the independent variable. Equations are for maize sole crop (MzSC) and maize-ground nut intercrop (MzGnI) grain and pod yield (GY) only, and for GY plus stover yield (G+SY). The stover was valued at 0.2 of grain value (kg kg -1 ). effective with smallholder tropical soils where organic material return to soil is low and soil organic matter is largely recalcitrant with little nutrient mineralization. Interpretation of soil test results for micronutrients have been developed for specific crops under specific conditions but have not been extensively validated across geographic and climatic conditions (Whitney, 2015) . Wendt and Rijpma (1997) did not find a relationship between soil test results and crop response to applied S, Zn, and B in Malawi. Soil tests can be valuable to smallholders in identifying extreme edaphic constraints such as acid soils that require amendment with lime and very sandy or gravelly soils that require amendment through addition of organic materials before a response to applied nutrients can be expected. The diagnostic treatment resulted in increased grain yield at Bougouni but not at the other locations. Soil test results (Table 1 ) and flag leaf nutrient concentrations did not account for these differences in response. Leaf nutrient concentrations were above 1.6 g kg -1 for Mg, 1.3 g kg -1 for S, 15 mg kg -1 for Zn and 3 mg kg -1 for B which were considered to be critical levels for deficiency. The foliar concentrations of N, P, K Ca, Cu, Fe, Mn, and Mo also indicated an adequate availability of these nutrients, once N, P, and K had been applied.
Maize grain and stover yields were less with MzGnI compared with MzSC but the maize response to N was similar for the two systems and maize intercrop response to P and K was less compared with MzSC (Fig. 1) . Groundnut intercrop response to N also was similar to that of MzSC but the responses to P and K were less. The intercrop response, however, combined for the two crops on maize grain value equivalent offered more productivity and more profit potential from, and higher EOR for, fertilizer N use compared with MzSC. For example, when CP for N was 4, the PCR of N application at EOR to MzSC was 0.72 with an AE of 6.9 kg kg -1 . In comparison, for MzGnI with a GnMz value of four, the PCR was 1.96 with an AE of 11.9. If the financially constrained farmer opted to apply 50% of EOR for this MzGnI scenario, the PCR would be 3.24 with an AE of 17.0 kg kg -1 . Similar values could be estimated for other fertilizer application scenarios using the reported information.
The ability to estimate MzGnI response functions from MzSC response functions was a great advance in the information needed for efficient fertilizer use for intercrop production in the Sahel and the Sudan Savanna (Table 9 ). Much information was available on MzSC response to fertilizer such as the >1800 geo-referenced MzSC nutrient response functions that were determined from field research in sub-Saharan Africa under the OFRA project . The procedure to apply this MzSC data to MzGnI is a valuable asset. Once MzSC nutrient response functions are determined for a recommendation domain, the MzGnI functions can be determined. Economics can then be applied in fertilizer use decisions. Such response functions can be used in fertilizer use optimization tools such as those for agroecological zones of Mali and Niger (Jansen et al., 2013; Dicko et al., 2017; Maman et al., 2017c) . The OFRA dataset, optimization tools and other resources are available for download at http://agronomy.unl. edu/OFRA. cOncLUsiOn There is good profit potential for <25 kg ha -1 N applied for MzSC production in Niger, and in Mali, if fertilizer N cost is sufficiently low, although variability in response suggests that farmers will not have positive net returns on investment in some years. The data were not sufficient to evaluate the role of rainfall distribution but risk of failed response to N may be reduced by in-season application in consideration of the condition of the crop and soil water availability at that time. Productivity and the profit potential of N application are greatly increased with MzGnI compared with MzSC. Considering the value of stover as fodder adds to productivity but does not add much to the profit potential for N application. Application of P for MzSC can be profitable but with a low rate of return in Niger. The response of MzSC to P in Mali was highly variable and a low PCR to P application needs to be expected. The profit potential for P application with MzGnI is similar to that with MzSC. Application of K for MzSC has little if any profit potential in both countries and no profit potential for MzGnI in Niger. Application of the reported procedure to determine MzGnI nutrient response functions from MzSC functions offers the opportunity to greatly improve fertilizer use efficiency for MzGnI. The results demonstrate the importance of the availability of single nutrient fertilizers, as relative requirements of N, P, and K differ for sole crop and intercrop production and with farmers' financial ability for fertilizer use.
